Analyses of satellite radar imagery before and after the 2004 and 2005 Sumatra earthquakes reveal an overview of the uplift and submergence pattern of islands along the subduction zone and provide an outline of the regions that experienced coseismic vertical deformation. We find evidence of crustal deformation from the northern tip of the Andaman Islands to Nias Island. A line 145 km east of the trench separates western uplifted zone from eastern subsided zone. Agreement with the field observation demonstrates the feasibility of our method. We find that radar imagery analysis is more efficient for investigating vertical displacements than similar techniques using optical sensors.
Introduction
Analyses of seismic waves (e.g., Ishii et al., 2005; Krüger and Ohrnberger, 2005; Ni et al., 2005) suggested that the 2004 Sumatra earthquake ruptured over a distance of 1,000 km. A map of uplift and subsidence may provide further constraints on the extent of the rupture.
Field observations using GPS (Vigny et al., 2005; Banerjee et al., 2005) and of a coral microatoll (e.g., Sieh et al., 1999; Zachariasen et al., 2000) provide information on deformation at some sites. These in-situ observations, however, cannot cover the entire area, because it is difficult to enter some regions, because of the existence of military bases, aboriginal and armed groups, and the collapse of bridges due to tsunami. Remote sensing could be a method of obtaining the whole image of the crustal deformation along the rupture zones.
We use satellite Synthetic Aperture Radar (SAR) images to detect shoreline changes and map areas of seismic uplift and subsidence. In addition to improving our understanding of the geometry of the plate interface and of the deformation associated with the earthquake, this map can constrain the spatial extent and direction of fault slip, because the line of no vertical changes is close to the down-dip edge of the seismic fault.
Extraction of Shoreline Changes and Tsunami Inundated Areas from SAR Images
We processed raw SAR data and generated intensity images of microwave backscatter intensity from the surface, where the image intensity depends on the roughness of the surface. We coregister two SAR intensity images acquired before and after the earthquake using tie points and then geocode the pair. In order to automatically determine regions of backscatter changes, we combine the pair of images to form a single image. We first assign intensity variations in the pre-earthquake image to variations in red ((R, G, B) = (100%, 0%, 0%)), and variations in the postearthquake image to cyan ((R, G, B) = (0%, 100%, 100%)).
The additive process between red and cyan results in the gray, red and cyan respectively, at areas that are unchanged, areas where backscatter decreased, and areas where backscatter increased. Figure 1 shows an example of the color additive process at Cape Sudhen in NW Sumatra. An area colored red in the right image is a region where the reflection (backscatter) intensity is decreased due to submergence and tsunami inundation.
We processed about 60 scenes of SAR data to investigate coastal changes in most of the islands along the possible rupture zones, and Table 1 summarizes the SAR data, the results of which are shown in Figs. 3 and 4.
Results: Coastal Changes along the Subduction Zone
Here we present the results of the analyses described in Section 2. Red in Figs. 3(f) and (g) shows submergence in Great Nicobar Island and northwestern Sumatra. The area in light red on the west coast of northwestern Sumatra in Fig. 3(g) , where the reflective intensity is slightly decreased, is an area of tsunami inundation. The submergence is due to e1 The two polarizations and two tide levels correspond to the two acquisition dates.
Before earthquake After earthquake Difference after color additive process Submergence Tsunami inundation subsidence caused by deformation and coastal erosion by the tsunami. Figure 4 shows uplift and subsidence caused by the 28 March 2005 earthquake. At the northwestern coast of Nias Island, new land emerged over a distance of about 1 km. More than 10 new islands were created, with diameters from 100 m to 1.5 km. The whole of Bangkaru Island was uplifted. The coast of Tuangku Island submerged along a distance of 100 m at maximum. The line of no vertical change (the pivot line) separating the uplift and subsidence zones is shown in orange.
Uplift and subsidence caused by 2005 earthquake
A compilation of uplifted and subsided coastal regions revealed by our SAR image analyses are depicted in cyan and red in Fig. 5, respectively. 
Discussion
A line 145 km east of the trench separates western uplifted zone from eastern subsided zone as shown in Fig. 5 . A line of no vertical changes is near the down-dip edge of the seismic fault in this area. It is inferred that the depth of the seismic coupling is uniform along this subduction zone.
To check the validity of our method, we compared our result with the results of the field survey by Tectonics Observatory, California Institute of Technology (Meltzner et al., 2006) . The cyan ribbons in the image of Simeulue in Fig. 3(d) correspond well with their results. Generally, a wider ribbon corresponds to greater uplift. The major error source of our method is tide level difference between two acquisition time. The emerged area of Interview Island in Fig. 3(a) , for example, may be exag- (Personal communication, 2005) . Therefore, our method will not have a big error except the tide level difference.
Although our method cannot yield quantitative values of vertical displacement, it is suitable for mapping widely distributed uplifted and submerged areas. We found that our method of using SAR data was more efficient for investigating vertical displacements than image comparison using optical satellite sensor data. Compared to the optical images, SAR images have the following three benefits. and whose shadows make comparisons difficult. The probability of the existence of archived SAR image data before seismic events of a target area is much higher, particularly in the tropical regions because extensive cloud cover precludes the acquisition of optical data. (2) Data acquisition request of a post-event image for SAR interferometry analysis enables us to obtain an image with the same look angle, which is suitable for correction-free change detection, because the SAR interferometry requires a small distance between satellites. (3) Active radar signals provide stable image intensity, which is suitable for precise comparison and automatic change detection.
